1*r Fermi National Accelerator Laboratory

FERMILAB-Pub-94/304-E
CDF

Limits on Z-Photon Couplings from p — p Interactions
at\s = 1.8 TeV

F. Abe et. al
The CDF Collaboration

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

September 1994

Submitted to Physical Review Letters

# Operated by Univarsities Research Association Inc. under Contract No. DE-AC02-76 CHO3000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency
thereof.



CDF/PUB/ELECTROWEAK/CDFR/2659
Z~y PRL Draft

Version 8.20

September 6, 1994

FERMILAB-PUB-94/304-E

Limits on Z-Photon Couplings from p — 7 Interactions at
Vs = 1.8 TeV

F. Abe,'® M. G. Albrow,” D. Amidei,!s J. Antos,?® C. Anway-Wiese,* G. Apollinari,?® H. Areti,’

M. Atac,” P. Auchincloss,?® F. Azfar,?' P. Azzi,° N. Bacchetta,'® W. Badgett,'® M. W. Bailey,'® J. Bao,*
P. de Barbaro,2> A. Barbaro-Galtieri,!4 V. E. Barnes,?* B. A. Barnett,!? P. Bartalini,® G. Bauer,'®
T. Baumann,® F. Bedeschi,2® S. Behrends,? S. Belforte,?® G. Bellettini,® J. Bellinger,*® D. Benjamin,*?
J. Benlloch,'® J. Bensinger,® D. Benton,?' A. Beretvas,” J. P. Berge,” S. Bertolucci,® A. Bhatti,?

K. Biery,!! M. Binkley,” F. Bird,? D. Bisello,?® R. E. Blair,' C. Blocker,? A. Bodek,? V. Bolognesi,*®
D. Bortoletto,2¢ C. Boswell,'?> T. Boulos,'* G. Brandenburg,® E. Buckley-Geer,” H. S. Budd,?

K. Burkett,'® G. Busetto,?® A. Byon-Wagner,” K. L. Byrum,' J. Cammerata,'? C. Campagnari,’

M. Campbell,'® A. Caner,” W. Carithers,'* D. Carlsmith,3® A. Castro,?® Y. Cen,?! F. Cervelli,?®
J. Chapman,'® M.-T. Cheng,2® G. Chiarelli,® T. Chikamatsu,?! S. Cihangir,” A. G. Clark,?® M. Cobal,?
M. Contreras,® J. Conway,2” J. Cooper,” M. Cordelli,? D. Crane,! J. D. Cunningham,® T. Daniels,'®
F. DeJongh,” S. Delchamps,” S. Dell’Agnello,?® M. Dell’Orso,?® L. Demortier,® B. Denby,?® M. Deninno,?
P. F. Derwent,'® T. Devlin,2” M. Dickson,?® S. Donati,?® R. B. Drucker,!* A. Dunn,'® K. Einsweiler,'*
J. E. Elias,” R. Ely,'4 E. Engels, Jr.,22 S. Eno,® D. Errede,'® S. Errede,'° Q. Fan,?® B. Farhat,'® I. Fiori,?
B. Flaugher,” G. W. Foster,” M. Franklin,? M. Frautschi,'® J. Freeman,” J. Friedman,'® H. Frisch,®
A. Fry?® T. A. Fuess,! Y. Fukui,'® S. Funaki,®' G. Gagliardi,?® S. Galeotti,?® M. Gallinaro,?

A. F. Garfinkel,* S. Geer,” D. W. Gerdes,'® P. Giannetti,?® N. Giokaris,?® P. Giromini,® L. Gladney,?!
D. Glenzinski,'> M. Gold,!® J. Gonzalez,?! A. Gordon,® A. T. Goshaw,® K. Goulianos,?® H. Grassmann,’
A. Grewal 2! G. Grieco,?® L. Groer,?” C. Grosso-Pilcher,® C. Haber,!* S. R. Hahn,” R. Hamilton,’

R. Handler,?® R. M. Hans,3* K. Hara,3! B. Harral 2! R. M. Harris,” S. A. Hauger,® J. Hauser,* C. Hawk,*’
J. Heiurich,2! D. Cronin-Hennessy,® R. Hollebeek,?! L. Holloway,'? A. Hélscher,!! S. Hong,'® G. Houk,?'
P. Hu,2? B. T. Huffman,?? R. Hughes,?® P. Hurst,? J. Huston,'” J. Huth,® J. Hylen,” M. Incagli,*®
J. Incandela,” H. Iso,3! H. Jensen,” C. P. Jessop,® U. Joshi,” R. W. Kadel,'* E. Kajfasz,* T. Kamon,*°
T. Kaneko,' D. A. Kardelis,'® H. Kasha,3* Y. Kato,' L. Keeble,’® R. D. Kennedy,?” R. Kephart,”

P. Kesten,!* D. Kestenbaum,® R. M. Keup,'® H. Keutelian,” F. Keyvan,* D. H. Kim,” H. S. Kim,'!

S. B. Kim,'® S. H. Kim*! Y. K. Kim,'* L. Kirsch,® P. Koehn,? K. Kondo,?! J. Konigsberg,® S. Kopp,®
K. Kordas,!' W. Koska,” E. Kovacs,”® W. Kowald,® M. Krasberg,'® J. Kroll,” M. Kruse,?*

S. E. Kuhlmann,! E. Kuns,2” A. T. Laasanen,?* S. Lammel,* J. I. Lamoureux,® T. LeCompte,'?

S. Leone,?® J. D. Lewis,” P. Limon,” M. Lindgren,* T. M. Liss,'® N. Lockyer,?! O. Long,?! M. Loreti,?
E. H. Low,2! J. Lu,3® D. Lucchesi,?? C. B. Luchini,!® P. Lukens,” P. Maas,*® K. Maeshima,”

A. Maghakian,?® P. Maksimovic,'> M. Mangano,?® J. Mansour,'” M. Mariotti,?® J. P. Marriner,”

A. Martin, 19 J. A. J. Matthews,'® R. Mattingly,'® P. McIntyre,3 P. Melese,?® A. Menzione,?® E. Meschi,??
G. Michail,® S. Mikamo,'3 M. Miller,® R. Miller,!” T. Mimashi,?! S. Miscetti,® M. Mishina,'?

H. Mitsushio,3! S. Miyashita,®® Y. Morita,'® S. Moulding,?® J. Mueller,?” A. Mukherjee,” T. Muller,*
P. Musgrave,!! L. F. Nakae,?® I. Nakano,?' C. Nelson,” D. Neuberger,® C. Newman-Holmes,”

L. Nodulman,! S. Ogawa,' S. H. Oh,® K. E. Ohl,** R. Oishi,®! T. Okusawa,'® C. Pagliarone,?®
R. Paoletti,2® V. Papadimitriou,” S. Park,” J. Patrick,” G. Pauletta,?® M. Paulini,'* L. Pescara,*

M. D. Peters,'4 T. J. Phillips,® G. Piacentino,?2 M. Pillai,?® R. Plunkett,” L. Pondrom,** N. Produit,"*
J. Proudfoot,! F. Ptohos,? G. Punzi,?® K. Ragan,!! F. Rimondi,? L. Ristori,?®> M. Roach-Bellino,*?
W. J. Robertson,® T. Rodrigo,” J. Romano,” L. Rosenson,'®* W. K. Sakumoto,?® D. Saltzberg,”

A. Sansoni,® V. Scarpine,3® A. Schindler,'* P. Schlabach,’ E. E. Schmidt,” M. P. Schmidt,*

0. Schneider,!* G. F. Sciacca,?® A. Scribano,?® S. Segler,” S. Seidel,’® Y. Seiya,®! G. Sganos,!!

Submitted to Phys. Rev. Lett. September 7, 1994
1



A. Sgolacchia,? M. Shapiro,'* N. M. Shaw,?* Q. Shen,* P. F. Shepard,??> M. Shimojima,*! M. Shochet,®
J. Siegrist,2® A. Sill,’® P. Sinervo,!! P. Singh,?? J. Skarha,'? K. Sliwa,?? D. A. Smith,?® F. D. Snider,'2
L. Song,” T. Song,'® J. Spalding,” L. Spiegel,” P. Sphicas,'® A. Spies,!? L. Stanco,?® J. Steele,®
A. Stefanini,?® K. Strahl,!! J. Strait,” D. Stuart,” G. Sullivan,® K. Sumorok,'® R. L. Swartz, Jr.,!°
T. Takahashi,'® K. Takikawa,?! F. Tartarelli,?® W. Taylor,!' Y. Teramoto,'? S. Tether,'® D. Theriot,’
J. Thomas,?® T. L. Thomas,'® R. Thun,'® M. Timko,3? P. Tipton,?5 A. Titov,?® S. Tkaczyk,”

K. Tollefson,?® A. Tollestrup,” J. Tonnison,?* J. F. de Troconiz,? J. Tseng,'? M. Turcotte,?® N. Turini,?
N. Uemura,3! F. Ukegawa,?! G. Unal,?! S. van den Brink,?? S. Vejcik, III,'® R. Vidal,” M. Vondracek,!°
R. G. Wagner,! R. L. Wagner,” N. Wainer,” R. C. Walker,?> G. Wang,?® J. Wang,® M. J. Wang,?®
Q. F. Wang,2® A. Warburton,!! G. Watts,?> T. Watts,?” R. Webb,?*® C. Wendt,*® H. Wenzel,'*

W. C. Wester, IIL!* T. Westhusing,'® A. B. Wicklund,! E. Wicklund,” R. Wilkinson,?! H. H. Williams,?!
P. Wilson,® B. L. Winer,2® J. Wolinski,?® D. Y. Wu,'® X. Wu,?® J. Wyss,2® A. Yagil,” W. Yao,!*

K. Yasuoka,3 Y. Ye,!'! G. P. Yeh,” P. Yeh,?® M. Yin,® J. Yoh,” T. Yoshida,'® D. Yovanovitch,” I. Yu,3*
J. C. Yun,” A. Zanetti,?® F. Zetti,?® L. Zhang,3® S. Zhang,'® W. Zhang,?! and S. Zucchelli?

(CDF Collaboration)

1 Argonne National Laboratory, Argonne, Illinois 60439
2 Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40126 Bologna, ltaly
3 Brandeis University, Waltham, Massachusetts 02254
4 University of California at Los Angeles, Los Angeles, California 90024
5 University of Chicago, Chicago, Illinois 60637
S Duke University, Durham, North Carolina 27708
7 Fermi National Accelerator Laboratory, Batavia, Illinois 60510
8 Laboratori Nazionali di Frascati, Istituto Naztonale di Fisica Nucleare, 1-00044 Frascatt, Italy
9 Harvard University, Cambridge, Massachusetts 02138
10 rniversity of Ilinois, Urbana, Illinois 61801
U pnstitute of Particle Physics, McGill University, Montreal H3A 2T8, and University of Toronto,
Toronto M5S 1A7, Canada
12 The Johns Hopkins University, Baltimore, Maryland 21218
13 National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan
14 Lowrence Berkeley Laboratory, Berkeley, California 94720
15 Aassachusetts Institute of Technology, Cambridge, Massachusetts 02139
16 University of Michigan, Ann Arbor, Michigan 48109
7 Michigan State University, Fast Lansing, Michigan 48824
18 University of New Mexico, Albuquerque, New Mexico 87131
19 Osaka City University, Osaka 588, Japan
20 yniversita di Padova, Instituto Nazionale di Fisica Nucleare, Sezione di Padova, 1-35131 Padova, Italy
21 University of Pennsylvania, Philadelphia, Pennsylvania 19104
22 University of Pittsburgh, Pittsburgh, Pennsylvania 15260
23 Istituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, 1-56100 Pisa, Italy
24 pyrdue University, West Lafayette, Indiana {7907
25 Undversity of Rochester, Rochester, New York 14627
26 Rockefeller University, New York, New York 10021
27 Rutgers University, Piscataway, New Jersey 08854
28 Academia Sinica, Taswan 11529, Republic of China
29 Superconducting Super Collider Laboratory, Dallas, Texas 75237
30 Tegas ABSM University, College Station, Texas 77843
sl University of Tsukuba, Tsukuba, Ibareki 305, Japan
32 Tufts University, Medford, Massachusetts 02155
33 University of Wisconsin, Madison, Wisconsin 53706
3 Yale University, New Haven, Connecticut 06511



Abstract

We report limits on anomalous ZZ+ and Z+yvy couplings derived from an analysis of Z +
photon production based upon approximately 20 pb~! of pp collision data recorded by the
Collider Detector at Fermilab (CDF) during the 1992/93 Tevatron Collider run. We observe
good agreement with the Standard Model expectation that all Z+v couplings are zero. Assuming
that only one of the couplings deviates from zero, and that the interaction associated with such
a coupling is characterized by a form factor scale, Az = 500 GeV, we derive 95% confidence
level limits for the CP-conserving ZZv couplings of —3.0 < h% < 2.9 and —0.7 < hZ, <0.7.
Similar limits are obtained for the CP-violating ZZ+ couplings and the couplings associated
with a Z~v+y vertex.

PACS numbers: 14.80.Er, 12.10.Dm, 12.50.Fk

The study of the characteristics of Z- production in pp interactions is an important test of the
Standard Model description of gauge boson self-interactions. Since the photon does not couple
directly to the Z in the standard electroweak theory, this study is sensitive to anomalous couplings
beyond the Standard Model. The most general ZZ~v (Z~y ) vertex function is characterized by a
set of four couplings hlzil) [1], which are dimensionless functions of the four-momenta. of the three
neutral vector bosons coupled at the ZVy(V = Z,v) vertex. All these couplings vanish at tree level
within the framework of the Standard Model. The couplings A} and h} conserve CP, while h}/’g are
CP-violating. Deviations of the hY form factors from zero could be produced by new interactions
which become manifest at an energy scale, Az. A recent study by Baur and Berger [2] discusses the
expected experimental sensitivity to non-Standard Model Z+ production. For the present analysis,
we adopt the assumption of Ref. [2] that the anomalous couplings are regulated by generalized
dipole form factors of the form:

|4
h‘iO

h{ (8, M%,0) = RESOR

where h% represents the low energy (§ = 0) limit for the couplings, and the values n = 3 for h}/ﬁ,
and n = 4 for h{ 4 have been assumed. Unitarity requires the couplings to asymptotically approach
their Standard Model values, and the values chosen for n assure that unitarity is preserved and
that all terms in the matrix element proportional to hY, have the same high energy behavior.

Moreover, combinations of the h¥ are related to the electromagnetic transition moments of
the Z boson [3, 4]:
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Here, dz,.(psz;) is the transition electric (magnetic) dipole moment, Q% (Q7.) is the transition
electric (magnetic) quadrupole moment, and k is the photon energy.

In this paper, we present an analysis of Z+ events in which the Z decayed to either eTe™ or
ptu~ . The best experimental signatures for the presence of anomalous couplings are deviations



from the expected Standard Model distributions of the transverse energy of the photon, EJ; the
dilepton-photon invariant mass, M(£1¢ 7); and the lepton-photon opening angles [2]. Limits on
pairs of couplings such as (h%, , hZ ) have been previously published based on the number of
Z~ events observed in the 4.2 pb~! data sample obtained by CDF in 1988/89 [4]. The present
analysis, which is based on all data obtained by CDF at the Fermilab Tevatron collider during the
1992/93 run, uses an integrated luminosity of 19.7 £ 0.7 pb~! for the electron decay channel and
18.6 +£0.7 pb™! for the muon decay channel. This larger data sample has enabled us to place more
stringent limits on the existence of ZZ~y and Z~yv couplings by performing a maximum likelihood
fit to the observed E. distribution, rather than by simply counting events. The number of accepted
Z~ events is still too few to do a global fit to more than one kinematic distribution and the E7.
spectrum was chosen as the most sensitive to non-Standard Model Zy couplings.

The CDF detector has been previously described elsewhere [5] with the specific components
of the detector relevant to (W, Z)~ observation having been discussed in a companion paper covering
pp — W~ + X production [6].

Candidate Z events were selected from samples of inclusive electron and muon data by
requiring an isolated charged lepton with £t > 20 GeV in the central region of the detector
(pseudorapidity, |  |< 1.0 for electrons, | 5 |< 0.6 for muons). The electron candidate (identified by
a central electromagnetic (EM) calorimeter cluster) and the muon candidate (identified by a “stub”
track in the central muon drift chambers) were required to have a matching track reconstructed in
the central tracking chamber. To gain efficiency, less stringent selections were applied to the second
lepton. Specifically, the second electron in Z events was required to have transverse energy, £ > 20
GeV if in the central EM calorimeter, ET > 15 GeV if in the plug region, and E1 > 10 GeV if in
the forward region. The second muon in Z — ptpu~ candidates was required to have transverse
momentum pp > 20 GeV/c, a calorimeter energy deposition consistent with that expected for a
minimum ionizing track, and to lie within the |  |< 1.2 region covered by the central tracking
chamber. Additional muon coverage implemented for the 1992/93 run extended the active trigger
acceptance for the second muon out to | 7 | = 1.0 and also provided additional muon identification
and tracking in the central region defined by | n |[< 0.6. With the exception of one additional
electron trigger [7], these criteria were identical to those used to select Z events for the CDF W/Z
cross section ratio analyses [8], and full details of the Z selection are given in those papers. The
final Z candidate selection required that the invariant mass of the charged lepton pair was in the
range 70 — 110 GeV/c? for ete™ and 65 — 115 GeV/c? for ™. The total number of Z events
selected was 1237 in the electron channel and 507 in the muon channel.

The criteria used to select photon candidates in the Z events are identical to those used for
the Wy analysis of Ref. [6]. These criteria include the requirement that the photon candidate lie
within a defined fiducial region of the central EM calorimeter, have transverse energy Er > 7 GeV,
have an angular separation (in pseudorapidity, 77, and azimuthal angle, ¢), AR, = /An? + A¢? >
0.7, between the photon and the closest charged lepton, and be isolated from nearby particles in
the event. The E requirement is imposed on the photon after the energy has been corrected for
calorimeter non-uniformities and the global energy scale. Calorimeter isolation is imposed, within
a cone of AR = 0.4 centered on the photon direction, by requiring that the additional transverse
energy in the cone (Eff) be less than 15% of the photon transverse energy. Tracking isolation
is imposed by requiring that the sum of the transverse momentum of all tracks within a cone of
AR = 0.4 centered on the photon cluster be less than 2 GeV/c. Tracks included in this sum must
originate from a point that is axially within 10 cm of the interaction vertex. There were 4 events in
the electron channel and 4 events in the muon channel that passed all the Z and photon selection



criteria.

The main source of background for the Zv process arises from Z + jet events in which
the jet fragments to one or more neutral hadrons, e.g. 7° or 7, that are misidentified as a photon.
Additional backgrounds from Z+vy or Z + jets in which the Z decays to 777~ were considered and
found to be negligible. The fake photon background from QCD jets has been estimated using an
independent sample of inclusive jet events recorded by an Et > 16 GeV central photon trigger [9].
To avoid subsequent bias, the photon candidate which triggered each event was removed from the
sample. Other jets in the events were counted and those having EM clusters passing our photon
cuts were identified. A correction was made to account for the genuine single photon contribution
to this background sample. The number of genuine photons was estimated using a x? analysis of the
shower shape as measured by the central EM shower maximum detector [9]. The ratio of the number
of remaining photon candidates to the number of jets was calculated as a function of ET to estimate
the probability of a jet faking a photon. The estimate of the number of fake photon events has
been compared to values derived using a Z + jets Monte Carlo calculation [10] plus a parametrized
detector simulation, and the agreement is good. The total number of background events estimated
from the QCD data sample was 0.4 £ 0.1 £ 0.2 in the electron channel and 0.10 £+ 0.03 4 0.04 in the
muon channel. Here, the first uncertainty is statistical and the second systematic. The systematic
uncertainty includes contributions from (i) the difference between the experimentally determined
QCD background and that determined using the Monte Carlo plus detector simulation, and (ii) the
method used to estimate the number of real photons in the QCD background sample. In deriving
a combined Zv cross section, we use an overall estimated background of 0.5 + 0.2 events.

Our Z candidates were selected from the same sample as that used for the W/Z cross
section ratio analysis [8] and used the same selection criteria. Furthermore, the lepton identification
efficiencies are very weakly dependent on the presence of the photon in the event. Therefore,
we have used the efficiencies for the charged leptons from that analysis directly in the present
measurement. The additional hardware electron trigger used for our Z sample increased the overall
electron trigger efficiency from 0.892 + 0.003 for the cross section ratio analysis to 0.952 + (.003.
The combined Et -independent efficiency for central photons was (81.2 & 2.3)%. The calorimeter
isolation requirement gave an Et -dependent photon acceptance that was (90+1)% at Ep = 7 GeV
and became constant at (99 + 1)% for Er > 25 GeV. The efficiencies thus determined were used
in a Monte Carlo simulation of the CDF detector to determine the overall acceptance of Zv events
with a central photon of Ex > 7 GeV. The details of the determination of the photon acceptance
and detection efficiency are given in Ref. [4]

The photon Et distribution for the combined electron and muon data is shown in Fig. 1a
while Fig. 1b shows the M (£*£~v) distribution. The calculation of Baur and Berger [2], available as
a Monte Carlo program, has been combined with the simulation of the CDF detector to determine
the expected numbers of Zv events and their characteristics as a function of the assumed values
of hY). The event generation used the MRSD'_ structure functions [11]. One of the most striking
signatures for anomalous couplings in Zy production would be an increase in the number of photons
with Br7 R 40 GeV. The histograms indicate the sum of the expected signal for the Standard Model
as determined by the Monte Carlo simulation plus the estimated background. Although there is no
significant deviation from Standard Model expectations seen in any of the distributions, we note
the presence in our muon sample of an event with EY. ~ 64 GeV and M (u*p ") ~ 188 GeV/c2.

The combined electron and muon channel cross section times branching ratio for central
photons with ARy, > 0.7 and Ef > 7 GeV is [0 - B(Z + 7)]exp = 5.1 = 1.9(stat) = 0.3(syst) pb.



The Standard Model expectation is [0 - B(Z + ¥)]sm = 5.2 & 0.6(stat @ syst) pb. The electron
and muon channel results have been individually corrected for acceptances and efficiencies. The
systematic uncertainty in the experimental cross section arises mainly from the photon background
determination but also includes a £3.6% uncertainty from the integrated luminosity. The system-
atic uncertainty in the expected Standard Model cross section is almost entirely due to variations
from structure function choice, but includes small contributions from the assumed Q? scale and
transverse momentum distribution of the Z+ system.

Limits on anomalous Z~ couplings are quite sensitive to the form factor scale, Az, through
the inverse dependence of the unitarity limit on this scale [2]. We find the experimental limits
on the couplings reach the limit set by unitarity for Az ~ 500 GeV, and we have, therefore,
fixed the scale parameter at this value. We obtain limits in a pairwise fashion, setting all other
couplings to zero. A log-likelihood fit was performed to the photon ET spectrum parametrized
by the couplings. For fitting purposes, the likelihood function was calculated for a range of h}
values as the product of the probabilities that, for the expected number of events in each Et bin
smeared by our systematic uncertainties, the number of observed events would have been produced.
Figure 2 shows the contours for the 68% and 95% confidence levels for ZZ~v and Z+yy couplings
along with the unitarity constraint. The 95% confidence level limits for the individual parameters
using the combined e + p data and assuming all other anomalous couplings are zero are as follows:

ZZy i =3.0(-29) <hd (h%) <29 -07<hi (h% ) <07
Zyy -3.1 < h}y (h],) < 3.1 —0.8 < h]y (h)y ) < 0.8

From the preceding Z Z+y coupling limits we extract bounds on the electromagnetic transition
moments of the Z. Assuming the other moments to be equal to their Standard Model value of zero,
the 95% confidence level interval for J}:-T, which is related to the electric dipole transition moment
is —1.1 <7 < 1.1. The quantity, g7 , related to the magnetic quadrupole transition moment, has
a 95% confidence interval of —6.0 < ¢ < 6.0. Allowing simultaneous variations of both moments
results in the bounds shown by the contours in Fig. 3. The transition magnetic dipole and electric
quadrupole moment related quantities, g% . and g% , lie within identical contours to those shown
for 67 and ¢7 .

In conclusion, we have observed Z« production in pP collisions. The rate and the kinematic
distributions agree well with Standard Model expectations. Fitting the photon Et distribution to
extract limits on anomalous couplings has significantly improved the bounds from those previously
obtained by CDF via counting the number of produced Z+ events.
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Figure 1: (a) The distribution of photon transverse energy, E], for electron and muon channels
combined (points). The Standard Model plus background expectation is shown as the open his-
togram. The cross-hatched histogram for QCD background is derived from the Er dependent
probability for a jet to pass our photon selection criteria (see text). (b) The /14~y invariant mass
distribution for electron and muon channels combined. The Standard Model Monte Carlo signal
plus background and background only contributions are again shown for comparison.
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Figure 2: Contour plots of the 68% and 95% confidence limits on the (a) ZZy and (b) Zvyy
anomalous couplings. The parentheses indicate that the limit contours for the A% , hZ” pair are
the same as those for the A% , %" pair.



T T T T

A;=500 GeV
40 - AT

—1(; -5 0 5 10
5'2 (g'z)

Figure 3: Contour plots of the 68% and 95% confidence limits on the ZZ+y transition moments.
The symbols are defined in the text.
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